Objective: To evaluate adrenal crises after the start of treatment up to the age of 6 years in children with classic congenital adrenal hyperplasia (CAH). Design: Analysis of data extracted from a population-based prospective long-term follow-up study of children detected in neonatal screening. Methods: Data of 102 Bavarian children with classic CAH due to 21-hydroxylase deficiency were analyzed, using parental questionnaires and medical reports. Parent-reported hospital admissions of children diagnosed with acute health impairment were included in the analysis if salt loss (hyponatremia) or hypoglycemia was documented in the discharge summary.
Introduction 21-Hydroxylase-deficient (21-OHD) classic congenital adrenal hyperplasia (CAH) is a potentially lethal autosomal recessive endocrine disorder caused by mutations in the CYP21A2 gene. The disorder is characterized by cortisol deficiency and androgen excess, and in the most frequent and most severe salt-wasting form, there is also aldosterone deficiency (1) . In addition, adrenomedullary dysfunction with impaired catecholamine secretion has been found (2) . Continuous glucocorticoid therapy is required, combined with mineralocorticoid substitution in most cases, and published guidelines highly recommend regular examinations at a specialized endocrinology center (3) .
Patients with classic CAH have a lifelong risk of adrenal crises, especially under conditions of major physical stress, because the physiological stress response is impaired. Typical clinical findings of adrenal crises are dehydration, hypotension, salt-wasting (hyponatremia and hyperkalemia), hypoglycemia, or altered mental status (4) . Adrenal crises may present with weakness, vomiting, abdominal pain or confusion, and may cause shock, coma, and death, if untreated (5) . For the prevention of adrenal crises in all conditions of major physical stress, such as trauma, infection, fever, or surgery, glucocorticoid doses must be augmented, and parenteral administration of glucocorticoids may be necessary (1) . Medical identification should always be carried by the patient (6, 7, 8) . Information and education of CAH patients and their caregivers regarding clinical symptoms that indicate an imminent adrenal crisis and appropriate reactions are regarded as highly important (9, 10) .
Early detection of CAH by neonatal screening has been widely acknowledged to prevent morbidity and mortality from severe adrenal crises before diagnosis (6, 11) . However, thus far, little has been published about the success of crisis prevention in the years after detection by screening. Most reports on adrenal crises or clinical outcomes concern CAH patients who were born before the introduction of CAH neonatal screening (12, 13) . Among the few studies on adrenal crises in patients with multiple causes of adrenal insufficiency (14, 15) , there is only one study exclusively concerning CAH patients (16) . In these studies, the frequency of adrenal crises ranged between 5 and 10 per 100 patient years, and crises were triggered mostly by infections and often by non-compliance with recommendations, or by treatment errors. In the literature, there are also several reports of deaths due to adrenal crises in CAH patients (8, 17, 18, 19) . Reports on hypoglycemia in infants and young children with classic CAH are sparse, whereas clinical experience shows that hypoglycemia occurs in this young group of CAH patients.
The Bavarian prospective and population-based follow-up study of children detected after neonatal screening since 1999 has been initiated to evaluate longterm outcomes of neonatal screening. A first analysis has shown that screening could not prevent early stages of salt-wasting crises during the neonatal period in 27 of 114 infants, but severe or fatal adrenal crises before diagnosis and start of treatment could be avoided in all cases (20) .
This study presents an evaluation of hospital admissions with salt loss or hypoglycemia in children with classic CAH during the first 6 years of life after the neonatal period.
Subjects and methods
The parents of all children diagnosed with 21-OHD classic CAH after neonatal screening in Bavaria from 1999 to 2011 were invited to participate in the Bavarian prospective long-term follow-up study. Written informed consent to complete regular questionnaires and to allow analysis of medical reports was required for participation. The study was approved by the ethics commission of the Bavarian State Chamber of Physicians. The observation period for this analysis covers the first 6 years of life, starting after the neonatal period, after diagnosis and start of treatment.
For identification and analyses of relevant episodes, data from parents' questionnaires at ages 1, 2, 4, and 6 years, and from hospital discharge summaries, were used. Parent-reported hospital admissions of children with acute health impairment were included in the analysis if salt loss (serum sodium !132 mmol/l) or hypoglycemia (blood glucose !60 mg/dl or !3.3 mmol/l) were documented in the discharge summary. For the calculation of crisis frequency, a recently proposed definition (8) was used with slight modifications. Adrenal crisis was defined as a profound impairment of general health, with (A), at least two of the following clinical features: severe fatigue, nausea or vomiting, somnolence, hypotension, hyponatremia (!132 mmol/l) or hyperkalemia, hypoglycemia; and (B), clinical deterioration precipitated by a glucocorticoid-deficient state, or clinical improvement after the administration of glucocorticoids.
The CYP21A2 genotype was classified in accordance with the nomenclature introduced by Wedell et al. (21) and used by Krone et al. (22) , classifying compound heterozygotes by the less severely mutated allele. The Null group included deletions and most severe mutations (Q318X, R356W, d8bp, E6cluster), group A included severe mutations (intron 2 splice-site mutation homozygous or compound heterozygous with a group Null mutation), and group B included moderately milder mutations (I172N mutation homozygous or compound heterozygous with a group Null or A mutation).
Data for the calculation of prescribed regular daily doses of glucocorticoids were taken from parental questionnaires or from the discharge summaries.
Parents' reactions to illness of their child were compared with recent 'sick day rules'. These recommendations include at least to triple the regular oral hydrocortisone dose, immediately, in cases of intercurrent illness with a temperature R38.5 8C (R101 F), vomiting, or diarrhea. In cases of repeated vomiting, rectal or parenteral glucocorticoid should be administered promptly, and in such situations, parents are advised to immediately take their child to the nearest hospital (10, 23) . Doubled glucocorticoid dosages, which had been recommended during the first years of the observation period, were classified as low stress dosages.
For the evaluation of developmental status, agerelated items covering important stages of psychomotor and speech development, called 'Grenzsteine der Entwicklung' (24) , were part of the parents' regular questionnaires. These items are the validated screening tool for the development of children in the first 6 years of life, standardized with normative samples from the general population (25) . Parental assessment of their child's development was validated using medical reports whenever possible.
All data were managed using Access databases, and analyzed with IBM SPSS Statistics for Windows, Version 22.0. (IBM Corp., Armonk, NY, USA) software, using c 2 or Mann-Whitney U tests at a level of significance of P!0.05, where appropriate.
Results

Cohort
From 1999 to 2011, 114 children were diagnosed with 21-OHD classic CAH after neonatal screening in Bavaria. The parents of 102 children (89.5%; 54 boys and 48 girls) gave written informed consent to participate in long-term follow-up; eight families did not consent to participation, and three families moved to unknown addresses. One child, diagnosed with both classic CAH and an additional severe metabolic disorder, which is life-threatening in all catabolic situations (medium-chain acyl-CoA dehydrogenase (MCAD) deficiency), died in the first year of life due to a severe infection (details unavailable), before the process of inclusion into the follow-up was finished. Mutation groups of the 102 children were: Null, nZ17 (16.7%); A, nZ58 (56.9%); B, nZ25 (24.5%); other or unknown, nZ2 (2.0%). Around 23.5% of the children had a history of a salt-wasting crisis with electrolyte imbalance and typical clinical signs in the neonatal period before treatment was initiated (mutation groups: Null, nZ6; A, nZ14; B, nZ4), and 87 children (85.3%) were diagnosed with a salt-wasting CAH phenotype. Within the data collection period, 90 children reached 6 years of age, and 12 children reached 4 years of age. Thus, the number of patient years observed was 588 patient years.
Quality of care and compliance
Care and treatment of the CAH patients were highly concordant with guidelines and recommendations, with few exceptions.
All patients were treated with hydrocortisone, mostly within the recommended daily dosage range of 10-15 mg/m 2 daily. Patients with group B mutations were treated with slightly but not significantly lower doses of hydrocortisone than patients with Null or A mutations (Table 1) . Approximately 90% of patients also received fludrocortisone (group Null, 100%; A, 95%; B, 81%). There were no significant differences in fludrocortisone dosage among the different mutation groups ( Table 2) .
All children had regular medical check-ups. However, four families started visiting a pediatric endocrinologist only after having experienced salt loss or hypoglycemia. At the child's age of 1 year, few parents, who had not been referred to an expert up to this time, admitted not knowing what to do in case of illness or surgery, whereas at the age of 2 years and older, all parents stated to be wellinformed of sick day management, and more than 70% reported having applied 'sick day rules' during the preceding year.
During the first years after the introduction of CAH newborn screening, only 63% of the parents reported having a steroid treatment alert card for their child, but this percentage increased to 95% after the German CAH support group started distributing special CAH Emergency Health Cards. Eleven different specialized centers (seven in Bavaria, four in other regions) were involved in the pediatric endocrine care of the CAH patients. Because these centers usually only exist in big cities, numerous families travel long distances for their regular expert visits, and in case of emergencies, 47% of the families contacted local emergency services. Parents repeatedly reported difficulties in attaining the necessary parenteral glucocorticoid application for their child in case of injury or illness, because the local medical staff or emergency services were not familiar with this disorder, and were unwilling to pay attention to their CAH emergency documents.
Frequency and distribution of salt loss and hypoglycemia
A total of 74 CAH children (72.5%) had no report of any salt-wasting or hypoglycemic episodes in the first 6 years of life after the neonatal period. For the other 28 CAH children, 22 salt-losing events (seven of these were associated with hypoglycemia) and 16 hypoglycemic events without salt loss were reported. Details are given in Table 3 .
According to the discharge summaries, which were available and analyzed for 90% of the 83 reported hospital admissions with acute health impairment, only the 38 hospital admissions with salt loss or hypoglycemia met the definition of an adrenal crisis. Thus, the frequency of adrenal crises was 6.5 per 100 patient years (95% CI: 4.4-8.8).
In all cases, serum electrolytes were documented, whereas in seven cases of salt loss, blood glucose was not mentioned in the discharge letter. Salt loss was mostly characterized by serum hyponatremia; in only two cases, serum hyperkalemia was documented (episode numbers 19 and 23). There were no reports of arterial hypotension.
All children with reports of an adrenal crisis were diagnosed with a salt-wasting CAH phenotype. Of these, 19 children had only one adrenal crisis, eight children had two incidents, and one child had three incidents. The CYP21A2 mutation groups of children experiencing salt loss were A (nZ16), B (nZ3), and unknown (nZ1). All children with combined salt loss and low blood glucose belonged to the mutation group A. In mutation group Null, which is characterized by the most severe enzyme deficiency, there was no report of salt loss after the neonatal period. Hypoglycemia was reported for the mutation groups Null (nZ4), A (nZ7), and B (nZ1). Figure 1 shows the percentage of the different incident types within each mutation group and for the whole cohort. Group B shows the lowest percentage of children with incidents of all kinds, but this difference is not statistically significant. Figure 2 shows the age of children at the time of adrenal crises. Hypoglycemia was only reported after the first year of life, and incident risk appears to have decreased after the age of 4 years, but there was no statistical significance for age differences.
Conditions of salt loss
All salt-wasting events occurred during infections. Patients 5, 9, 13, and 28 (episodes 8, 14, 19, and 38) had salt loss during severe or sudden infections under adequate glucocorticoid treatment. The other 18 salt-wasting events were preceded by intercurrent infections (nine gastrointestinal, five respiratory, and four other) of a 1-4 day duration, all with a temperature R38.5 8C (101.3 F), and/or vomiting. In each of these 18 cases, the children had either not received tripled or higher hydrocortisone stress dosages, or had been on oral glucocorticoid administration only (despite recurrent vomiting), or both. The prescribed regular daily doses of hydrocortisone and fludrocortisone before salt-wasting events did not differ from the doses reported for the whole cohort. Comparison of 'history of neonatal adrenal crisis', 
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Clinical Study B Odenwald and others Adrenal crises in CAH children 174:2 migration background or parents' educational status between the groups of children with and without compliance errors did not show any significant differences. The children's general appearance at hospital admission was described as 'ill', 'weak', 'poor', or 'distressed'. Eight feverish children had seizures during hyponatremia with or without hypoglycemia. Once admitted to the hospital, all children recovered soon under an oral (nZ9) or parenteral (nZ13) glucocorticoid stress dosage and i.v. application of fluids/sodium.
Conditions of hypoglycemia
In contrast to infection-related salt-wasting episodes, hypoglycemia often appeared unexpectedly, mostly in the early morning, in previously unimpaired children.
In five out of 16 hypoglycemic events, gastrointestinal infections with inadequate glucocorticoid stress dosage could be identified as possible predisposing factor. In the other 11 cases, according to the physician's and parent's judgments, regular medication had been given as prescribed, and no condition requiring stress dosage had been observed. Six children had appeared completely healthy the day before, and five children had had minor infections such as a common cold, or cough, without fever or vomiting. The prescribed regular daily doses of hydrocortisone were slightly lower before hypoglycemic episodes (median, 11.2; IQR, 10.2-12.7 mg/m 2 ), than in the whole cohort (median, 12.3; IQR, 10.8-14.0 mg/m 2 ), but this difference was not statistically significant (PZ0.07).
In all but one of the cases, hypoglycemia was severe, with blood glucose concentrations between 12 and 42 mg/dl (0.66-2.31 mmol/l), and with neurologic symptoms: six children had generalized seizures, and for 13 hypoglycemic episodes, loss of consciousness was reported. Parents immediately called emergency services or took their child to the nearest hospital. All children were treated with an i.v. application of glucose and fluids, as well as glucocorticoid stress dosages (eight parenteral and eight oral).
The attending pediatric endocrinologists suggested a 'cortisol night gap' to be the causative factor for the 11 hypoglycemic morning incidents. To protect these children from severe hypoglycemia, hydrocortisone timetables were changed from three to four times daily, introducing a late night or early morning dose and thus reducing the time span between the evening/night and morning hydrocortisone dose from a maximum of 9-10 h to 6-7 h. In addition, families were educated and equipped with point-of-care glucose monitoring systems.
Frequency of seizures
In this cohort of 102 children with classic CAH, 18 children had at least one seizure within the first 6 years of life (including common febrile seizures). Eight feverish children had seizures during hyponatremia, and five children had seizures during hypoglycemia; additionally, one child had neonatal seizures due to cerebral edema, one child was diagnosed with epilepsy, and three children had febrile seizures without hyponatremia or hypoglycemia (probably common febrile seizures). Fifteen of these children had only one seizure; three children (patients 18 and 25, and the child diagnosed with epilepsy) had Percentage of children with salt loss and hypoglycemia in the different mutation groups. Number of events with salt loss and hypoglycemia by age of children. 
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Discussion
This study evaluated the frequency and etiology of adrenal crises in CAH children after the neonatal period, to assess the efficacy of current crisis prevention strategies. The prevention, or identification and appropriate handling, of an adrenal crisis are a complex challenge for both the parents and the medical staff (26, 27) . Conditions of acute illness or accidental trauma, which require the consideration of applying a stress regimen, are common in childhood. Parents have to cope with the task of constant alertness and responsibility (28) , without being overprotective. In case of emergency, well-informed parents may be confronted with health professionals who are inexperienced in managing the rare condition of an imminent adrenal crisis (7, 8, 9, 27) .
For the majority of children, crisis prevention during the first 6 years after the diagnosis proved successful. Parents' statements concerning compliance with medication, emergency cards, or applying sick day rules show a generally high level of education and consciousness, with a tendency towards more uncertainty during the first year of life before the first critical episodes have been managed. Lack of expert care, provided by a specialized pediatric endocrinologist, appeared to be a disadvantage.
In spite of preventive efforts, adrenal crises could not always be avoided. In some cases, symptoms appeared very rapidly, leaving no time frame for special preventive therapy. In other cases, delays or errors in glucocorticoid management, caused by the caregivers or by general medical staff, may have contributed to the progression of clinical symptoms and metabolic deterioration. Noncompliance with sick day rules was observed among all educational levels of parents, possibly caused by underestimation of the situation or by the wish to avoid an i.m. injection, hospitalization, or confrontation with medical staff. There were complaints about difficulties in convincing healthcare workers to observe the presented emergency documents. These findings support the need for optimal crisis prevention strategies (14, 16) , including education, training, empowerment and support of all parents and patients (9, 26, 29) , clear emergency documents (7, 30) , easily accessible information for professionals (31) , and the sensitization of healthcare workers (9, 16, 27, 32) . The high number of cases without parenteral application of a glucocorticoid in spite of repeated vomiting might be reduced if -instead of i.m. injection -s.c. glucocorticoid injection or a 'hydrocortisone pen' could be established for emergency use in the future (8, 32, 33) . As problems related to a lack of experience among health professionals are characteristic of rare diseases and not unique to CAH, they might be overcome by a generally raised awareness about these so-called 'orphan diseases' in the healthcare system (31) .
With the exception of the one tragic death in the first year of life, which was probably caused by the extremely rare coincidence of CAH and MCAD deficiency and a severe acute infection, there were no fatal outcomes and all other children could be stabilized. Moreover, thus far, there are no indications for assuming that the adrenal crises might have affected the children's further neurological development, with the limitation being that the children's development was not assessed by detailed expert testing.
Only few children had more than one crisis. As expected, most crises occurred in children with severe mutations (groups Null or A), but also children with milder mutations (group B) were affected. However, saltwasting phenotypes caused by these mutations (group B) have already been described in the literature (21, 34) . Infants with group Null mutations had salt-wasting crises in the neonatal period before diagnosis, but after the neonatal period there were only reports of hypoglycemia, none of salt loss, for this group. Although this appears to be a remarkable observation, in consideration of the small number of cases a random effect cannot be excluded, particularly as possible explanations like different medication dosages or better compliance in group Null are not confirmed by our data.
Thus far, no definition for adrenal crises has been available; therefore, the recently proposed definition (8) proved very helpful. Part A of this definition, comprising clinical features, was applied completely. The original mandatory condition B was modified as follows: 'Parenteral glucocorticoid administration followed by clinical improvement' was changed to 'clinical deterioration precipitated by a glucocorticoid-deficient state or clinical www.eje-online.org improvement after the administration of glucocorticoids'. As a result of this modification, the method for adrenal crisis management at the hospital (e.g., oral glucocorticoid stress dosing) cannot lead to the exclusion of obvious adrenal crises. However, in spite of differing definitions, the number of adrenal crises per patient years found in our cohort was similar to that of a German group of patients, aged 18-69 years, reported in 2012 (16) . Due to a small number of events, the crisis frequency has a wide confidence interval. Variations in the adrenal crisis definition may lead to marginal changes in the calculated crisis frequency, but finally do not influence the conclusions.
All salt-wasting crises had an obvious precipitating factor, mostly infectious, and in many of these cases, the reported circumstances suggested that with an immediate application of current sick day recommendations, electrolyte disturbance might have been avoidable. However, an explanation is more difficult for several cases of symptomatic hypoglycemia, which occurred despite plausible documentation of compliance with treatment and sick day rules. The prevention of severe hypoglycemia seems not to be completely covered by the current treatment recommendations, although there are reports of hypoglycemia (35, 36, 37, 38, 39, 40) and adrenomedullary dysfunction (2, 41, 42) in limited CAH study populations. For example, in a French cohort of 45 children diagnosed with classic CAH between 1981 and 1997, at ages 1-5 years and already under treatment, eight patients had severe hypoglycemic events, two of them lethal, while only three patients had a salt-wasting crisis (18) . A causal relationship between adrenomedullary dysfunction and hypoglycemia is regarded as very likely (6) . Some reports contain recommendations for glucose monitoring or providing ill CAH children with carbohydrates in addition to the glucocorticoid stress dosage (6, 43) . In our cohort, daily hydrocortisone doses in the lower range of the recommended 10-15 mg/m 2 daily, and medication timetables resulting in a longer cortisol night gap, may have contributed to a predisposition to hypoglycemia. Thus, altered dosage recommendations for young CAH children or new drugs with a delayed hydrocortisone release providing higher cortisol levels in the early morning hours (44, 45) could be promising approaches in the future. Probably not all classic CAH patients are equally at risk for hypoglycemia. Mutation group Null appeared to be associated with the highest risk, but, due to the small number of cases, reliable identification of risk factors is difficult. Investigation of the interactions among glucocorticoid deficiency, adrenomedullary function, and glucose metabolism, as well as identifying CAH patients at a high risk for hypoglycemia and developing specific prevention strategies are important issues for further research (6) .
Sudden seizures are known to be the extremely frightening events for parents (46) , and the incidence of seizures in this pediatric CAH cohort was surprisingly high. According to past reports, a seizure rate of about 3-5% can be expected during the first years of life for European children (47, 48) . In the German representative Children's Health Study KiGGS (49) , this rate was 3.5% (95% CI: 3.3-3.8%). Thus, the overall seizure rate of 17.6% in the CAH cohort was significantly elevated. An even higher rate (25.4%) has been reported for an English cohort of 59 children with saltwasting CAH, born between 1968 and 1988 (12) , but to our knowledge, seizure rates in CAH children have not been the focus of research thus far. CAH-associated brain abnormalities, possibly caused by hormonal or metabolic factors, have occasionally been reported in the literature (50, 51, 52) ; whether such abnormalities might have contributed to an elevated seizure vulnerability in our cohort, cannot be assessed without further neurologic studies. However, as both hyponatremia and hypoglycemia are known to cause symptomatic seizures (48) , the elevation of the seizure rate can very likely be explained by these two factors, and it may be assumed that the prevention of salt-wasting crises and hypoglycemia could also prevent seizures in CAH children.
This analysis was limited by the relatively small number of cases, which makes significant comparison of subgroups or identification of risk factors difficult. For the 10.5% of patients who were lost to follow-up, no information about adrenal crises and development were available. For the patients included in follow-up, although most parents appreciate and support the follow-up study and fill out their questionnaires carefully, under reporting of crises could have been possible. Some hospital admissions may have been omitted, and, in some cases, an adrenal crisis may have been managed at home, without medical documentation and without laboratory tests. Thus, the true crisis incidence may have been underestimated. However, a higher crisis rate would only strengthen the need for concerted preventive efforts and further research.
Despite these limitations, the population-based and prospective approach, which included patients from numerous medical centers, and the high follow-up rate, allowed the extensive collection of detailed and valuable information about the adrenal crises in CAH children. Taken together, the results confirmed the success and importance of crisis prevention, and in particular, emphasized the necessity of further investigation of the clinical relevance of adrenomedullary dysfunction in CAH. Caregivers of CAH children need continuous active support for their demanding responsibility, and they need expert care and skilled physicians who are able to deal with the management of a rare disorder, even in case of emergency. Although long-term outcomes for this cohort of CAH children do not seem to be altered by the reported episodes of salt loss or hypoglycemia, each adrenal crisis is potentially harmful and should be avoided.
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